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Abstract 

Schizophyllum commune, an underutilized mushroom known for its diverse health-promoting components, was uti-
lized in solid-state fermentation (SSF) of wheat grains to produce myceliated products. Such products have gained 
remarkable interest as potential functional foods. The present study aimed to develop an S. commune-fermented 
wheat product and investigate the effects of SSF on its chemical profile and health-promoting properties. Wheat 
grains were inoculated with S. commune mycelium and incubated for 30 days. Nutritional composition, functional 
properties, and chemical profiles were determined using established methodologies. The results revealed that fer-
mentation with S. commune significantly altered the protein, carbohydrate, vitamin and mineral contents of wheat. 
Notably, the total phenolic and flavonoid contents of the fermented wheat improved by up to 3.4-fold and 1.8-fold, 
respectively. Antioxidative potential was evaluated using DPPH radical scavenging, ferric-reducing, and β-carotene 
bleaching inhibition assays. The water extracts from the fermented wheat exhibited superior activity compared 
to the other solvent extracts. Furthermore, the anti-inflammatory properties of the fermented wheat were significantly 
enhanced relative to its unfermented counterpart, as evidenced by its capacity to scavenge nitric oxide and inhibit 
protein denaturation. Untargeted LC-QTOF MS analysis of the cold-water extract, which exhibited the highest bio-
activity led to the putative identification of 70 metabolites, including phenolic acids, flavonoids, and organic acids. 
The presence of compounds such as gallic acid, astragalin, and glucuronic acid suggests a synergistic contribu-
tion to the observed health-promoting effects. These findings indicate that S. commune-fermented wheat serves 
as a promising functional food ingredient, offering a sustainable candidate for the development of products aimed 
at promoting consumer health and wellness.
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Graphical Abstract

mycelia are typically grown on grain substrates, and these 
fermented substrates, also known as myceliated grains, 
can be developed directly into food products due to the 
enhanced nutritional content and biological functionali-
ties resulting from fermentation process (Benson et  al., 
2019). As potential functional foods and novel probiotic 
delivery vehicles, fermented cereal grain products are 
well suited for individuals with lactose intolerance or 
those adhering to a low-fat or vegan diets (Tsafrakidou 
et al., 2020).

One mushroom species with significant potential for 
exploitation is Schizophyllum commune, a basidiomy-
cete distributed worldwide. Owing to its edibility and 
medicinal properties, S. commune is currently regarded 
as one of the most important mushrooms, and its 
popularity is increasing. Although S. commune is eas-
ily cultivated using low-cost agricultural byproducts 
(Debnath et al., 2020), it is relatively underutilized com-
pared to other popular mushrooms, such as Pleurotus 
spp., and research regarding its health-promoting com-
ponents remains limited (Mišković et al., 2023). While 
numerous myceliated grain powders are marketed as 
health supplements, no research to date has specifi-
cally investigated the use of S. commune mycelia and 
their fermented substrate as a source for nutraceuticals 
and functional ingredients. Wheat (Triticum aestivum 
L.) is one of the most widely consumed grains and is 
also used for the established production of mushroom 

Introduction
Functional foods, nutraceuticals, and dietary supple-
ments are highly sought after by health-conscious con-
sumers to promote wellness and mitigate the risk of 
non-communicable diseases (NCDs). Considering the 
immediate need to address food security and improve the 
global nutritional sustainability, mushrooms have gained 
significant scientific focus as functional foods and nutra-
ceutical sources. Consequently, their intake in diverse 
forms and formulations is being actively explored. Mush-
rooms have transitioned from niche ingredients to sig-
nificant global food players, driven by food technologies 
such as fermentation and extrusion, which improve the 
texture and flavour of mushroom-based products (Can-
tato & Conte-Junior, 2025; Di Cianni et al., 2023). Mush-
room mycelium, an environmentally sustainable material, 
is nutritious and contains consortia of bioactive com-
pounds comparable to those of mushroom fruit bodies 
(Holt et al., 2024; Sułkowska-Ziaja et al., 2025). With the 
current rapid progress in mycelium-based food products, 
owing to their unique flavour, nutritional and health-pro-
moting values, ecological credentials, and sustainability, 
mushroom mycelia are currently hailed as future foods 
(Holt et  al., 2024). Mycelium produced from solid-state 
fermentation (SSF) has the potential to be incorporated 
into food products, improving their functionalities and 
nutritional attributes and ultimately refining their senso-
rial properties (Antunes et al., 2020). In the SSF method, 
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spawn (Silva et al., 2024). Several studies have reported 
the enhancement of the nutritional content, sensory 
attributes, and functional features of wheat through 
fermentation (Zhang et  al., 2022); however, compre-
hensive studies on the chemical profile and health-
promoting properties of mushroom-fermented wheat 
remain limited.

As the relationship between NCDs and oxidative stress 
is increasingly well acknowledged, antioxidants and anti-
inflammatory therapies are being intensively investigated 
as defenses against various pathologies (Arulselvan et al., 
2016; Grosso, 2018). The modern food and nutraceutical 
industries are exploring sustainable resources that can 
accommodate the necessities of the human diet in terms 
of nutritional quality while also strengthening the overall 
health of consumers (Vignesh et  al., 2024). The present 
study aimed to produce S. commune-fermented wheat 
products and evaluate their health-promoting properties 
and chemical constituents. To promote the sustainable 
use of natural resources, these fermented products were 
subjected to multi-solvent extraction to evaluate their 
antioxidative and anti-inflammatory potential. To the 
best of our knowledge, this study is the first to report the 
chemical components and anti-inflammatory activities 
of S. commune-fermented wheat, thereby adding a novel 
dimension to the documented antioxidant properties of 
this mushroom species.

Materials and methods
Chemicals
Potato dextrose agar and potato dextrose broth were 
obtained from Oxoid. 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH), potassium phosphate monobasic (KH2PO4), 
potassium phosphate dibasic (K2HPO4), sodium carbon-
ate (Na2CO3), sodium nitrite (NaNO2), sodium hydrox-
ide (NaOH), sodium nitroprusside (Na2[Fe(CN)5NO]), 
sodium chloride (NaCl), aluminum chloride (AlCl3), 
ascorbic acid, Trolox, 2,4,6-Tris(2-pyridyl)-s-triazine 
(TPTZ), iron chloride hexahydrate (FeCl3), sodium ace-
tate trihydrate, gallic acid, bovine serum albumin (BSA) 
and diclofenac sodium were obtained from Sigma Aldrich 
(USA). Folin-Ciocalteu reagent was purchased from 
Merck (Germany), while Tween 20 was purchased from 
Amresco (OH, USA). All reagents and chemicals used 
were of analytical grade. Hexane, chloroform, ethyl ace-
tate, absolute ethanol, methanol, 85% phosphoric acid and 
sulfuric acid (H2SO4) were of analytical grade and were 
obtained from J.T. Baker (USA) and Fisher Scientific (UK).

Mycelial liquid culture preparation
Schizophyllum commune mother culture (MARDI 
SC1) was obtained from the Malaysian Agricultural 

Research and Development Institute (MARDI) col-
lection. The S. commune mycelium was maintained 
in slant tubes at 4  °C and cultured in Petri dishes at 
25 °C on potato dextrose agar until it was used to pro-
duce the mycelial liquid culture. Potato dextrose broth 
(20 g/L) was used as the basal medium for the growth 
of S. commune mycelia. One hundred fifty milliliters of 
the basal medium was poured into conical flasks and 
autoclaved for 21  min at 121  °C (Hirayama, Japan). A 
1  cm diameter mycelial culture from the S. commune 
dish was used to inoculate the sterilized medium. 
The medium was shaken at 150 rpm and incubated at 
28 ± 1 °C for 7 days.

Solid‑state fermentation (SSF)
The wheat (T. aestivum L.) used in this study was food 
grade and was supplied by FFM Berhad, Selangor, Malay-
sia. Upon arrival at the lab, the wheat was contained in a 
food-grade polypropylene plastic bag. The fermentation of 
wheat was carried out according to the method outlined 
by Krishnen et al. (2021). The wheat grains were washed, 
soaked in hot boiling water for 1 h, and left to cool before 
being packed (200 g each) into a polypropylene plastic bag 
(30  cm × 10  cm × 10  cm). The moisture content of all the 
samples was adjusted to 50 to 55% using a moisture ana-
lyzer and autoclaved for 21 min at 121 °C. Prior to inocula-
tion, the mycelial liquid culture was homogenized with a 
sterile homogenizer for 30 s to ensure a uniform and con-
sistent distribution of mycelial fragments. The sterilized 
wheat grain was then inoculated with 5 mL of the homog-
enized liquid culture with a sterile pipettor under aseptic 
conditions and incubated for 30  days at 28 ± 2  °C in the 
dark. The entire contents of the bags were lyophilized. All 
the dried unfermented and fermented samples were milled 
and sieved through a 0.3 mm mesh.

Analysis of nutritional components
Proximate analysis
Protein, total fat, ash, and dietary fibre contents were 
determined according to analytical methods based on 
AOAC 2005. Calories and total carbohydrates were cal-
culated on the basis of the method of analysis for nutri-
tion labelling, AOAC 1993. Total sugars were determined 
via high-performance liquid chromatography coupled 
with a refractive index detector (HPLC-RID). All deter-
minations were performed by an ISO/IEC 17025 accred-
ited laboratory (SGS Malaysia Sdn. Bhd.).

Vitamin and mineral contents
The vitamin content was determined using in-
house methods involving high-performance liquid 
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chromatography coupled with a fluorescence detector 
(HPLC-FLD). The determination of minerals was per-
formed according to in-house methods based on AOAC 
986.15, 975.03 & 922.02, APHA3120B and APHA 3125B 
(ICP‒OES). All analyses were performed by an ISO/IEC 
17025 accredited laboratory (SGS Malaysia Sdn. Bhd.).

Beta‑glucan content
Determination of the β-glucan content was performed using 
a β-glucan assay kit (Megazyme, Ireland). The assay was 
performed in accordance with the manufacturer’s protocols.

Preparation of crude extracts
For hot water extraction, fermented and unfermented 
wheat powder was extracted with hot distilled water (1:10 
w/v) at 80 °C for 60 min in a shaking water bath (100 rpm). 
For cold water extraction, the samples were extracted with 
cold distilled water (1:10 w/v) at 4 °C for 60 min in a refrig-
erated shaking incubator (100  rpm). A 60-min extraction 
time was standardized for both cold and hot water to com-
pare the effects of temperature on bioactive compound 
extractability by water. For organic solvent extraction, the 
samples were extracted with ethanol, ethyl acetate or hex-
ane (1:10 w/v) at 25  °C for 24  h in a refrigerated shaking 
incubator (150 rpm). Each extracted slurry was centrifuged 
(1000 rpm, 10 min) and filtered (Whatman No. 1) to collect 
the supernatant. The insoluble residue was treated again 
twice as described above. The pooled supernatants of the 
water extracts were lyophilized, while the pooled superna-
tants of the organic solvent extracts were concentrated by 
using a rotary evaporator (Buchi, Switzerland). The yield 
percentage was calculated as follows:

For the biological assays, 10  mg/mL extract solution 
was prepared by diluting the dried extract in water (for 

the crude water extracts) and ethanol (for the organic 
solvent extracts).

Determination of polyphenolic components
Total phenolic content
The total phenolic content was measured according 
to the methods of Abd Razak et  al. (2020). Each sam-
ple (1  mL) was added to 5  mL of Folin-Ciocalteu rea-
gent (Merck, USA). The mixture was subsequently 
combined with 4  mL of sodium carbonate (7.5%) and 

Yield percentage(%) = (weight of crude extract/weight of samples)× 100%

allowed to react in the dark for 120  min. A UV‒Vis 
spectrophotometer was used to measure the absorb-
ance at 765  nm. The calibration curve was plotted 
using gallic acid as a reference standard, and the result 
was expressed as µg gallic acid equivalent (GAE)/mg 
extract.

Total flavonoid content
The total flavonoid content was measured with refer-
ence to the method of Abd Razak et al. (2019). Briefly, 
1  mL of extract was combined with distilled water 
(4  mL) and 5% NaNO2 solution (0.3  mL). After 5  min 
of incubation, 10% AlCl3 (0.3  mL) was added, and the 
mixture was left to stand for 6 min. Subsequently, 1 M 
NaOH solution (2  mL) was added, and the final vol-
ume of the mixture was adjusted to 10  mL with dou-
ble-distilled water. The mixture was allowed to react 
for 15  min, after which the absorbance (430  nm) was 
measured. The reference standard used was quercetin, 
and the result was expressed as µg quercetin equivalent 
(QE)/mg extract.

Antioxidative property assay
DPPH (diphenyl‑1‑picryl‑hydrazyl) radical scavenging activity
The assay was carried out according to a method 
described by Bobo-García et al. (2015) with slight modi-
fications. The samples (20 μL) in a 96-well plate were 
mixed with 180 μL of freshly prepared DPPH solution 
(150 μmol/L in 80:20 v/v methanol:water) and shaken for 
60 s. Following incubation in the dark for 40 min at room 
temperature, the absorbance was measured at 515  nm 
with a microplate reader. Ascorbic acid and Trolox 

(0.1 mg/mL) were used as positive controls in this assay. 
The following equation was used to determine the per-
centage of scavenged DPPH:

where A sample is the absorbance of a sample with the 
DPPH solution, A blank is the absorbance of water or sol-
vent with methanol–water mixture, and A control is the 
absorbance of water or solvent with the DPPH mixture.

Ferric‑reducing antioxidant property (FRAP)
A previously described procedure (Abd Razak et al., 2020) 
was followed. In this study, the FRAP reagent was pre-
pared by combining 300 mM acetate buffer, 10 mM TPTZ 
and 20 mM FeCl3, where 10 parts buffer were mixed with 

DPPH radical scavenging activity(%) = [1−(Asample−Ablank)/(Acontrol−Ablank)]×100
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one part TPTZ and one part FeCl₃. An aliquot (150 µL) 
of the sample was reacted with 2850 µL of fresh FRAP 
reagent for 30  min in the dark. The absorbance of the 
mixtures at 593  nm was recorded using a UV‒Vis spec-
trophotometer. The standard curve was constructed 
using 10—1000  µM FeSO4 solution, and the result was 
expressed as µM ferrous equivalent (FE)/mg extract.

Beta‑carotene bleaching inhibition activity
This assay was conducted according to the methods of 

Kassim et  al. (2013). In summary, a total of 2100 μL of 
β-carotene solution (1  mg/mL in chloroform) was mixed 
with 50 μL of linoleic acid and 420 μL of Tween 20 in a flask. 
The chloroform was removed via a rotary evaporator. After-
wards, distilled water (100 mL) was introduced with vigor-
ous agitation to create an emulsion. The emulsion (200 μL) 
was added to each of the 96-well microplates containing the 
test samples (50 μL). Ascorbic acid and Trolox (1 mg/mL) 
were used as positive controls. A blank was prepared using 
a reaction mixture without β-carotene and test samples, 
whereas a control was prepared using an emulsion without 
test samples. The samples’ absorbance (at 470 nm) was read 
promptly at the beginning and after a 2 h incubation period 
at 50 °C in the dark. The antioxidant activity (AA) was quan-
tified by assessing its ability to prevent β-carotene bleaching 
effectively, as determined by the following formula:

where Absorbance t=0 and Absorbance t=2 represent the 
absorbances of the test samples measured at 0 and 2  h, 
respectively. The absorbance c=0 and the absorbance c=2 

represent the absorbance of the control measured at 0 
and 2 h, respectively.

Anti‑inflammatory property assay
Nitric oxide scavenging activity
The assay was performed according to the methods of 
Abd Ghafar et  al. (2018), with some modifications. Griess 
reagent was prepared by mixing equal amounts of 1% sul-
phanilamide in 2.5% phosphoric acid and 0.1% naphthyl 

Antioxidant activity(%) = [1−(Absorbancet=0−Absorbancet=2)/(Absorbancec=0−Absorbancec=2)]×100

ethylene diamine dihydrochloride in 2.5% phosphoric acid. 
A volume of 50 μL of sodium nitroprusside (10 mM) was 
mixed with 100 μL of S. commune-fermented wheat extracts 
in a 96-well plate and incubated under light for 3  h. The 
reacted mixtures were transferred into a new 96-well plate 
and mixed with an equal volume of Griess reagent. The 
absorbance was measured at 546 nm, and gallic acid (1 mg/
mL) was used as a positive control. The nitrite radical scav-
enging activity of the samples was calculated according to 
the following formula:

where A sample is the absorbance of a sample with the 
assay reagent, and A control is the absorbance of water or 
solvent with the assay reagent.

Inhibition of protein denaturation activity
A bovine serum albumin (BSA) denaturation assay 
was carried out according to the methods of Nirmal 
and Panichayupakaranant (2015), with modifications. 
A stock solution of 1% (w/v) BSA was prepared in 
phosphate-buffered saline (pH 6.4). The reaction mix-
ture consisted of 2850 μL of BSA solution and 150 μL 
of test samples prepared in test tubes. The tubes were 
incubated at 37  °C in a water bath for 20  min, fol-
lowed by incubation at 72 °C for 20 min. After cooling, 
the absorbance of the mixtures was determined with 
a spectrophotometer at 660  nm. Diclofenac sodium 
(1 mg/mL) was used as a standard non-steroidal anti-

inflammatory drug (NSAID) reference, and water and 
solvent were used as controls. The inhibition of pro-
tein denaturation was calculated via the following 
formula:

where A sample is the absorbance of a sample with the BSA 
solution and A control is the absorbance of water or solvent 
with the BSA solution.

LC‑QTOF MS analysis
Ultrahigh-performance liquid chromatography (UHPLC) 
was conducted via an ACQUITY UPLC I-Class system from 
Waters, which comprises a binary pump, a vacuum degas-
ser, an autosampler, and a column oven. The compounds 
were chromatographically separated via an ACQUITY 

Nitric oxide scavenging activity(%) = [(Acontrol − Asample)/(Acontrol)] × 100

Inhibition of protein denaturation(%) = [1− (Asample/Acontrol)] × 100
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UPLC HSS T3 column (100 mm × 2.1 mm × 1.8 μm) from 
Waters operated at 40 °C. A linear binary gradient of water 
(0.1% formic acid) served as mobile phase A, while ace-
tonitrile constituted mobile phase B. The content of the 
mobile phase was modified throughout the run as follows: 
at 0 min, 1% B; at 0.5 min, 1% B; at 16.00 min, 35% B; at 
18.00 min, 100% B; and at 20.00 min, 1% B. The flow rate 
was 0.6 mL/min, and the injection volume was 1 μL.

The UHPLC system was integrated with a Vion IMS 
quadrupole time‒of‒flight (QTOF) hybrid mass spec-
trometer from Waters, featuring a Lock Spray ion source. 
The ion source functioned in negative electrospray ioni-
zation (ESI) mode under the following precise conditions: 
capillary voltage, 1.50  kV; reference capillary voltage, 
3.00 kV; source temperature, 120 °C; desolvation gas tem-
perature, 550 °C; desolvation gas flow, 800 L/h; and cone 
gas flow, 50 L/h. Nitrogen (> 99.5%) was utilized as the 
desolvation and cone gas. Data were collected in high-
definition MSE (HDMSE) mode within the m/z range of 
50–1500 at a rate of 0.1  s each scan. Consequently, two 
distinct scans with varying collision energies (CEs) were 
alternately obtained during the experiment: a low-energy 
(LE) scan at a constant CE of 4 eV and a high-energy (HE) 
scan in which the CE was incrementally adjusted from 
10 to 40  eV. Argon (99.999%) served as the collision-
induced dissociation (CID) gas. The data were analysed 
via Waters UNIFI Qualitative and Quantitative software 
with a Waters natural products library.

Statistical analysis
All the results (except for those for nutritional com-
ponents) were the average of three independent 
assays performed in triplicate and are presented as the 

means ± standard deviations (SDs). The data were statisti-
cally analysed by one-way analysis of variance (ANOVA) 
and Tukey’s post hoc test via Minitab software, ver-
sion 14. A value of p < 0.05 was considered statistically 
significant.

Results and discussion
Nutritional components of unfermented and S. 
commune‑fermented wheat
As a traditional industrial procedure, the beneficial 
effects of SSF on the nutritional composition of raw mate-
rials are mostly dependent on the ability of the micro-
organisms involved in this bioprocess to produce the 
necessary nutrients for their growth from the substrate in 
which they reproduce. For example, during fermentation 
of raw materials, fungi release several types of enzymes, 
such as amylases, xylanases, and cellulases, that degrade 
plant cell walls and subsequently improve the digestibility 
of fermented products (Sadh et al., 2018). The nutritional 
absorption process of mushroom mycelia is influenced by 
various factors, such as species, substrates, and enzymes, 
which contribute to the variations in nutrient utilization 
observed among the different mushrooms (Espinosa-
Paez et al., 2017).

Fermentation with S. commune led to distinct shifts in 
the proximate composition of wheat (Table  1). Specifi-
cally, the carbohydrate content decreased significantly, 
while the crude protein content increased following fer-
mentation. Similar trends were observed in SSF stud-
ies involving Sanghuangporus sanghuang (Song et  al., 
2021), using rice and barley as substrates. In that study, 
the carbohydrate content of rice decreased from 89% to 
84.77%, with a corresponding increase in crude protein 
from 9.26 g/100 g to 12.41 g/100 g. For barley, carbohy-
drate decreased from 85.27% to 75.47%, and the protein 
content increased substantially from 10.41  g/100  g to 
18.83 g/100 g. Additionally, the crude protein content of 
soybean meal increased from 48.39% to 52.98% after fer-
mentation with P. ostreatus, to 51.95% with Hericium eri-
naceus, and to 51.18% with Flammulina velutipes (Wang 
et  al., 2023). These quantitative and qualitative shifts 
in protein content are largely attributable to the loss of 
dry matter content, primarily carbohydrates, during fer-
mentation. Carbohydrates are used as a fuel source by 
microorganisms, and carbon dioxide is produced as a 
byproduct. As a result, the nitrogen in fermented sub-
strates is concentrated, which increases the proportion 
of protein (Cui et  al., 2012). Furthermore, the observed 
decrease in carbohydrate content and increase in protein 
content may be attributed to the sophisticated enzyme 
system of S. commune. This system involves the active 
production and use of carbohydrate-active enzymes 
(CAZymes), such as β-glucosidase, during S. commune’s 

Table 1  Proximate composition of unfermented and S. 
commune-fermented wheat on a dry weight basis

The values are the means of duplicate determinations (n = 2) ± standard 
deviations

Different letters in the same row indicate statistically significant differences 
(p < 0.05)

Parameter Unfermented wheat S. commune-
fermented wheat

Moisture (%) 0.32 ± 0.03b 2.05 ± 0.03a

Carbohydrate (g/100 
g)

80.10 ± 0.85a 70.40 ± 0.85b

Fat (g/100 g) 2.90 ± 0.85a 2.95 ± 0.35a

Protein (g/100 g) 10.00 ± 0.14b 12.65 ± 0.07a

Ash (g/100 g) 1.40 ± 0.28a 1.55 ± 0.07a

Dietary fibre (g/100 g) 11.85 ± 1.20a 14.05 ± 0.35a

Total sugars (g/100 g) 0.55 ± 0.07a 1.48 ± 1.21a

Energy (kcal/100 g) 386.50 ± 3.54a 358.50 ± 0.71b
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carbohydrate metabolic processes, which aids in carbo-
hydrate breakdown, as well as enzymes such as isocitrate 
lyase, which may allow the fungus to metabolize fatty 
acids and alternative carbon sources during the tricar-
boxylic acid cycle (Desiderio et  al., 2025). Collectively, 
these enzymes enable fungi to effectively consume and 
convert carbon sources into protein, sugar, and other 
metabolites (Kumar et  al., 2022; Song et  al., 2021). This 
metabolic efficiency likely explains the significant reduc-
tion in carbohydrate content alongside the concurrent 
increase in protein content observed in the fermented 
wheat. Nevertheless, specific enzyme activity assays were 
not performed in the present study. Our results revealed 
no significant changes in the crude fat, ash, total sugar, 
or dietary fibre contents of wheat after SSF with the 
S. commune. Contrasting effects were observed in black 
soybean fermented with mushrooms by Li et  al. (2023), 
who reported that crude fat increased from 18.69% to 
22.38% with Ganoderma oregonense and to 22.9% with 
Coriolus versicolor and that dietary fibre decreased from 
31.70% to 22.90% and 24.29% with G. oregonense and 
C.  versicolor, respectively. These differences may arise 

from the considerable variation in the type and catalytic 
activity of enzymes produced by different mushroom 
species in response to distinct substrate environments 
(Pérez-Chávez et al., 2022).

Cereals are good sources of minerals and vitamins, 
with many studies demonstrating an increased content 
of B-group vitamins, such as zinc, calcium, magnesium, 
and iron, and increased availability of minerals in fer-
mented samples (Ganguly et  al., 2021). One of the con-
tributing factors to the changes in mineral composition 
is the reduction in phytic acids and tannins that bind the 
minerals and the loosening of the substrate’s complex 
matrix that embeds the minerals by the action of phytase 
and α-amylase during fermentation (Nkhata et al., 2018). 
As shown in Table 2, fermentation of wheat with S. com-
mune appreciably increased the contents of niacin (vita-
min B3) and pantothenic acid (vitamin B5) up to 2.7-fold 
and 5.4-fold, respectively. In addition, a previous study 
reported a decrease in the β-glucan content caused by 
fermentation, as reported in barley and oats (Jurkani-
nová et  al., 2024). The insignificant change in β-glucan, 
a type of dietary fibre, and the total dietary fibre content 
between unfermented wheat and S. commune-fermented 
wheat suggests an equilibrium between fibre degradation 
and synthesis during SSF. This outcome is hypothesized 
to result from two simultaneous, opposing enzymatic 
actions: the hydrolysis of wheat β-glucans and the syn-
thesis of mushroom β-glucans. Schizophyllum commune 
may release glucan 1,3-β-glucosidase (Desiderio et  al., 
2025), which may degrade wheat β-glucans by hydrolys-
ing their β−1,3 linkages. This reduction is counterbal-
anced by the active mycelial synthesis of mushrooms’ 
own β-glucans, which is catalyzed by enzymes such as 
1,3-β-glucan synthases (Yang et al., 2023).

Extraction yield of unfermented and S. 
commune‑fermented wheat
A comparative analysis of various solvents is essential to 
determine the most effective system for recovering bio-
active compounds. Owing to the diverse solubilities and 
polarities of these compounds, a multi-solvent approach 
is often necessary. In the present study, water was prior-
itized as a primary extraction solvent due to its environ-
mental safety and non-toxic nature regarding human cells 
(Mihaylova & Lante, 2019). While hot-water extraction is 
commonly employed to solubilize the chitinous mycelial 
cell walls and extract polysaccharides and β-glucans (Bleha 
et al., 2022), high temperatures may degrade certain ther-
molabile bioactive components. Consequently, cold-water 
extraction was also performed to preserve these sensitive 
compounds. Furthermore, ethanol was selected for its 
high extraction efficiency, while ethyl acetate was utilized 

Table 2  Vitamin and mineral composition and beta-glucan 
content of unfermented and S. commune-fermented wheat on a 
dry weight basis

The values are the means of duplicate determinations (n = 2) ± standard 
deviations

Different letters in the same row indicate statistically significant differences 
(p < 0.05)

ND not detected

Parameter
(mg/100 g)

Unfermented wheat S. commune-
fermented 
wheat

Vitamins (mg/100 g)

  Thiamine (B1) 0.10 ± 0.05a ND

  Riboflavin (B2) ND 0.09 ± 0.00a

  Niacin (B3) 0.76 ± 0.07b 2.10 ± 0.26a

  Pantothenic acid (B5) 0.31 ± 0.02b 1.66 ± 0.38a

Minerals (mg/100 g)

  Manganese 3.06 ± 0.12a 3.93 ± 0.30a

  Copper 0.28 ± 0.01a 0.34 ± 0.04a

  Potassium 256.0 ± 15.96a 319.50 ± 41.83a

  Phosphorus 204.34 ± 22.61b 265.44 ± 14.91a

  Magnesium 88.24 ± 6.40a 114.37 ± 13.65a

  Iron 2.26 ± 0.04a 2.81 ± 0.24a

  Zinc 1.43 ± 0.06a 1.81 ± 0.19a

  Calcium 29.25 ± 1.67a 36.57 ± 4.60a

  Sodium 1.79 ± 0.05b 2.55 ± 0.13a

Other (g/100 g)

  Beta-glucan 0.5 ± 0.14a 0.31 ± 0.16a
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for its ability to recover a broad range of both polar and 
non-polar metabolites (Barthwal & Mahar, 2024).

The extraction yields of unfermented and fermented 
wheat grains are depicted in Fig. 1. Fermented wheat pro-
duced higher yields than its unfermented counterpart, 
which aligns with previous findings by Subramaniam 
et al. (2014) regarding wheat fermented with Ganoderma 
species. In their study, hot-water extract yields increased 
from 0.51 g/100 g in unfermented wheat to 1.45 g/100 g 
(G. australe), 1.39  g/100  g (G. neojaponicum), and 
1.73 g/100 g (G. lucidum). In the present study, the high-
est extraction yield for fermented wheat was obtained 
through hotwater extraction (36.41%), followed by the 
cold-water extraction (35.13%), with the lowest yield 
recovered from hexane (1.72%). These results under-
score the synergistic impact of fermentation and solvent 
polarity on yield, demonstrating that polar solvents are 
significantly more effective at maximizing the recovery 
of fermented wheat components. Consistent with these 
observations, Zhang et  al. (2012) demonstrated a direct 
correlation between solvent polarity and extraction yield 
in wheat fermented with Cordyceps militaris, where the 
highest yields were obtained using acidified water, fol-
lowed by 70% ethanol and 70% acetone.

Polyphenolic components of crude extracts 
from unfermented and S. commune‑fermented wheat
Phenolic compounds are plant secondary metabo-
lites found in cereals and exist in various fractions, 

including free and soluble, conjugated, and non-sol-
uble (bound) forms. These compounds possess many 
health-promoting properties, such as antioxidative and 
anti-inflammatory effects. For systemic activity, how-
ever, the compounds must be soluble to be absorbed 
and penetrate the human bloodstream (Tsafrakidou 
et  al., 2020). As described by Dey et  al. (2016), SSF 
can be utilized to increase the total phenolic content 

Fig. 1  Extraction yield percentage of unfermented wheat and S. commune-fermented wheat crude extracts. Different letters across all bars indicate 
statistically significant differences (p< 0.05)

Table 3  Total phenolic and total flavonoid contents of 
unfermented and S. commune-fermented wheat crude extracts

Different letters in the same column indicate statistically significant differences 
(p < 0.05)

Sample Total phenolic content
(μg GAE/mg extract)

Total flavonoid 
content
(μg QE/mg extract)

Unfermented wheat

  Hot water 4.96 ± 0.16e 0.81 ± 0.02d

  Cold water 6.89 ± 0.09d 1.02 ± 0.05bc

  Ethanol 4.78 ± 0.13e 0.95 ± 0.04c

  Ethyl acetate 9.88 ± 0.04c 0.99 ± 0.01bc

  Hexane 1.17 ± 0.02f 0.54 ± 0.03d

S. commune-fermented wheat

  Hot water 16.89 ± 0.51b 1.46 ± 0.11a

  Cold water 18.99 ± 0.36a 1.57 ± 0.13a

  Ethanol 9.16 ± 0.65c 1.08 ± 0.02b

  Ethyl acetate 6.64 ± 1.39d 0.99 ± 0.02bc

  Hexane 1.91 ± 0.06f 0.75 ± 0.04d
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and the subsequent antioxidant capacity of solid sub-
strates and improve the bioavailability of phenolic 
compounds. Ferulic acid, the most abundant phenolic 
acid in wheat, is strongly bound to indigestible cell wall 
material, limiting its bioavailability (Călinoiu & Vodnar, 
2018). During grain colonization, the enzymatic activ-
ity of mushroom mycelia breaks down grain cell walls, 
altering both the physical and biological properties of 
the grains. These changes often lead to improved nutri-
ent bioavailability and increased levels of health-pro-
moting compounds, such as phenolics. The metabolic 
activities of mycelia enhance the extractability and 
bioavailability of phenolics and flavonoids by releasing 
bound phenolics into their free form and synthesiz-
ing new compounds (Adebo & Medina-Meza, 2020). 
This increase in total phenolics (TPC) and flavonoids 
(TFC) has been observed in various fermented sam-
ples, including wheat bran (Tanaskovic et al., 2021). As 
shown in Table 3, the total phenolic and flavonoid con-
tents of wheat were improved upon fermentation with 
S. commune. This increase is ostensibly linked to the 
action of fungal cell wall-degrading enzymes, such as 
cellulases and xylanases, which facilitate the liberation 
of bound phenolic compounds from the wheat matrix 
during fermentation. Although direct enzymatic quan-
tification was not performed in this study, the elevated 
concentration of bioactive constituents strongly sug-
gests the presence of robust enzymatic activity by S. 
commune. Similar observations have been documented 
in previous studies involving the fermentation of wheat 
with various mushroom species. For instance, Boontha-
tui et  al. (2021) observed a considerable increase in 
TPC from 0.56  mg GAE/g in unfermented wheat to 
8.56 mg GAE/g in S. commune-fermented wheat water 
extract following 8  days of SSF. Similarly, Zhai et  al. 
(2015) reported a 1.58-fold increase in TPC of Agari-
cus blazei-fermented wheat ethanolic extract com-
pared with its unfermented counterpart. Conversely, 
Subramaniam et  al. (2014) noted a significant reduc-
tion in TPC in both water and ethanolic extracts of G. 
lucidum-fermented wheat. Specifically, the TPC in the 
water extract decreased from 27.37  mg GA/g extract 
to 17.73  mg GA/g extract, while the ethanolic extract 
showed a reduction from 56.01  mg GA/g extract to 
32.87  mg GA/g extract in the fermented samples. The 
present study revealed that the water extracts of fer-
mented wheat contained considerably higher TPC and 
TFC than the other extracts. Consistent with this find-
ings, Huang et al. (2011), observed a greater TPC in the 
hot-water extract of Grifola frondosa-fermented wheat 
compared to its ethanolic counterpart. In this study, the 
TPC of unfermented wheat extracts ranged from 1.17–
9.88  µg GAE/mg, whereas fermented wheat extracts 

ranged from 1.90–18.99  µg GAE/mg. The cold-water 
extract exhibited the highest TPC, representing a 2.76-
fold increase over its unfermented counterpart. Nota-
bly, the highest TPC in the unfermented wheat was 
found in the ethyl acetate fraction. This suggests that 
intermediate-polarity solvents are superior for recover-
ing a diverse profile of semipolar phenolics such as cer-
tain flavonoids and aglycones, compared to highly polar 
(water) or non-polar (hexane) solvents (Galanakis et al., 
2013). Phenolic compounds in grains such as wheat 
exist in soluble free forms, soluble conjugates (esteri-
fied with sugars or low-molecular-mass compounds), 
or insoluble forms covalently cross-linked to cell wall 
components (Santos et  al., 2019). The differing polari-
ties of these forms directly govern their extractability. 
For instance, water primarily targets highly polar solu-
ble conjugates and free forms, whereas hexane recovers 
lipophilic fraction. However, the extractability of these 
compounds is also highly influenced by process param-
eters such as time and temperature. Enzymatic bio-
transformation during S. commune fermentation likely 
generated smaller, more polar phenolic metabolites, 
thereby leading to the observed increase in TPC within 
the water extracts. Overall, fermentation with S. com-
mune enhanced the TPC from approximately 0.274 µg 
GAE/mg in unfermented wheat to 6.672 µg GAE/mg in 
the fermented substrate.

Flavonoids are key compounds in wheat that con-
tribute to its health benefits. Microbial fermentation 
significantly alters the flavonoid profile in plant-based 
materials through processes such as glycosylation, 
deglycosylation, methylation, and glucuronidation, 
with specific changes depending on the microbial spe-
cies used (Hyunh et al., 2014). The total flavonoid con-
tent of unfermented wheat extracts ranged from 0.54 
to 1.02 µg QE/mg extract, whereas that of S. commune-
fermented extracts ranged from 0.75 to 1.57  µg QE/
mg extract. This represents a 1.1- to 1.8-fold increase 
in total flavonoid content for most fermented extracts 
compared with their unfermented controls, except for 
the ethyl acetate extract, whose total flavonoid content 
slightly decreased. The extraction yield revealed that 
the TFC increased from approximately 0.027  µg QE/
mg unfermented wheat to 0.552  µg QE/mg fermented 
wheat.

Antioxidative properties of crude extracts 
from unfermented and S. commune‑fermented wheat
Assessing the antioxidative properties of edible materials 
and food products is essential not only for ensuring qual-
ity but also for gauging their efficacy in preventing and 
managing diseases associated with oxidative stress, as 
well as maintaining overall health. In the present study, 



Page 10 of 17Abd Razak et al. Food Production, Processing and Nutrition            (2026) 8:19 

Trolox (a lipophilic vitamin E analogue) and ascorbic acid 
(a hydrophilic compound) were employed as positive 
controls in the DPPH scavenging and β-carotene bleach-
ing inhibition assays. These standards were utilized to 
effectively benchmark activity across the entire polarity 
spectrum of the extracts, which ranged from highly polar 
water extracts to non-polar hexane extracts. Addition-
ally, to examine the relationship between the bioactive 
constituents and functional properties, a Pearson corre-
lation analysis was conducted for TPC and TFC against 
all antioxidative assays performed in the study (Table 7, 
additional file 1).

The improved antioxidative effects in fermented plants 
have been attributed to changes in the value and com-
position of phytochemicals such as phenolics, amino 
acids, peptides, and polysaccharides (Chen et  al., 2021; 
Melini & Melini., 2021). However, Dey and Kuhad (2014) 
reported that the formation of antioxidant compounds 
during SSF involves a complex biochemical process that 
has not yet been fully elucidated. As displayed in Table 4, 
the fermentation of wheat with S. commune consider-
ably improved the antioxidant capacity of wheat. Several 
studies have reported enhancements in the antioxidative 
properties of wheat upon fermentation, for example, with 
Ganoderma spp. (Subramaniam et  al., 2014), Taiwano-
fungus salmoneus (Chiang et  al., 2015), Agaricus blazei 
(Zhai et  al., 2015), and S. commune (Boonthatui et  al., 
2021). The increase in antioxidative activity is likely due 
to biochemical changes in wheat during fermentation, 

where antioxidant compounds, such as phenolics, are 
released or modified to increase bioavailability (Zhao 
et  al., 2021). The shift in higher antioxidative activities 
post-fermentation, where the aqueous extract became 
the most effective solvent, can be attributed to the 
β-glucosidase activity of S. commune (Tovar-Herrera 
et al., 2018). This enzymatic action likely hydrolyses nat-
urally occurring glycosides (polar sugar-bound pheno-
lics) into more polar, aglycone forms, thus making them 
more readily extractable into a more polar phase (aque-
ous and ethanol) and potentially enhancing their intrin-
sic antioxidative ability (Šelo et al., 2024). In addition to 
β-glucosidase, other mushroom enzymes, such as lac-
case, may contribute to the liberation and bio-transfor-
mation of phenolic compounds in fermented wheat. This 
process potentially alters the molecular structure of these 
metabolites, thereby enhancing the antioxidative potency 
of the extractable compounds (McCue et al., 2004).

Compared with the organic solvent extracts, the water 
extracts of the fermented samples presented higher 
DPPH radical scavenging activities. However, the cor-
responding water extracts from the unfermented sam-
ple showed no detectable scavenging activity. It can be 
speculated that fermentation with S. commune increased 
the concentration of polar compounds possessing DPPH 
scavenging potential, which are highly extractable by 
water. Interestingly, while the compounds extracted by 
moderately polar ethyl acetate from unfermented wheat 
possessed good DPPH radical scavenging activities, 

Table 4  Antioxidative activities of unfermented and S. commune-fermented wheat crude extracts

Different letters in the same column indicate statistically significant differences (p < 0.05)

ND not detected at the concentration tested

Sample DPPH scavenging
(%)

β-carotene  
bleaching inhibition (%)

Ferric reducing
(µM FE/mg extract)

Unfermented wheat

  Hot water ND 40.44 ± 3.18ab 165.61 ± 6.64e

  Cold water ND 59.07 ± 3.61a 272.22 ± 5.04c

  Ethanol 19.67 ± 0.83d 38.48 ± 9.95c 45.82 ± 4.63 g

  Ethyl acetate 39.29 ± 2.38b 13.36 ± 2.62d 20.63 ± 7.14 h

  Hexane 12.13 ± 0.28e 18.87 ± 5.91d 11.74 ± 5.59 h

S. commune-fermented wheat

  Hot water 40.92 ± 1.48b 55.27 ± 1.49bc 395.44 ± 10.00a

  Cold water 51.65 ± 5.91a 64.95 ± 0.21a 312.11 ± 13.10b

  Ethanol 20.70 ± 2.24 cd 63.73 ± 2.81a 191.37 ± 9.58d

  Ethyl acetate 25.65 ± 3.58c 26.23 ± 4.02 cd 129.52 ± 2.31f

  Hexane 15.38 ± 0.42de 36.89 ± 5.91c 21.37 ± 6.12 h

  Ascorbic acid 92.44 ± 1.65
(at 0.1 mg/ml)

41.62 ± 3.41
(at 1 mg/mL)

-

  Trolox 67.69 ± 1.37
(at 0.1 mg/mL)

90.32 ± 0.85
(at 1 mg/mL)

-
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fermentation with S. commune altered the potency of this 
effect. This observation aligns with the high TPC meas-
ured in the unfermented ethyl acetate extract (Table  3), 
suggesting that the phenolic compounds extracted by 
ethyl acetate from unfermented wheat may possess 
stronger DPPH radical scavenging activity than those 
recovered after fermentation. In a related study, wheat 
fermented with A. blazei presented superior DPPH scav-
enging activity compared to the unfermented control 
(Zhai et al., 2015). In the present study, fermentation with 
S. commune significantly (p < 0.05) enhanced the ferric-
reducing antioxidant activity of the wheat extracts, with 
improvements ranging from 1.14- to 6.28-fold. While 
the greatest relative improvement was observed in the 
ethyl acetate extract, the hot-water extract exhibited the 
highest overall ferric-reducing capacity. Similar observa-
tions regarding the enhanced capacity of water extracts 
were reported by Boonthatui et  al. (2021), who noted a 
2.1-fold improvement in the TFC alongside substantially 
increased antioxidative properties in S. commune-fer-
mented wheat after an 8-day fermentation period, includ-
ing a 10.1-fold increase in DPPH radical scavenging and 
a 17.3-fold improvement in ferric-reducing capacity. The 
discrepancy in the magnitude of improvement between 
studies may be ascribed to the variations in the specific 
S. commune strain, sample drying and extraction pro-
cedures, and fermentation parameters. Another study 
reported a greater increase in the ferric-reducing capac-
ity of an ethanolic extract from wheat fermented with 
G. neojaponicum and a reduction in the ferric-reducing 
capacity of water and ethanolic extracts from wheat fer-
mented with G. australe and G. lucidum (Subramaniam 
et al., 2014). Additionally, the DPPH scavenging and fer-
ric-reducing activities were strongly correlated with the 
TPC, with values of r = 0.8244 and r = 0.7870, respectively 
(additional file 1).

β-Carotene bleaching inhibition activity is a spec-
trophotometric technique that measures a sub-
stance’s ability to stop the breakdown or bleaching of 
β-carotene, a pigment whose orange colour is lost by 
peroxyl and free radicals. The ability of a drug to scav-
enge free radicals and prevent lipid peroxidation is 
shown by a higher percentage of inhibition, which also 
signifies better antioxidant activity (Dawidowicz & 
Olszowy, 2015). In the present study, the significantly 
higher activity of the lipid-soluble Trolox compared to 
the water-soluble ascorbic acid is consistent with the 
chemical behaviour of the β-carotene-linoleic emul-
sion system. This outcome is anticipated, as Trolox 
partitions more effectively into the hydrophobic lipid 
phase where the β-carotene resides, thereby offer-
ing superior protection against oxidation. Extracts of 
the fermented wheat significantly (p < 0.05) inhibited 

bleaching to varying degrees. The results showed that 
extracts from wheat, particularly polar extracts, mod-
erately inhibited β-carotene bleaching, and this effect 
was enhanced through fermentation with S. commune. 
An increase ranging from 1.1–1.96-fold was observed, 
with the ethyl acetate extract from fermented wheat 
showing the greatest improvement. The cold-water and 
ethanolic extracts from fermented wheat exhibited the 
strongest inhibitory effects on β-carotene bleaching. 
However, fermentation with S. commune did not result 
in a significant improvement in the inhibitory activity 
of the cold-water extract compared to its unfermented 
counterpart. The bleaching inhibition of the samples 
was moderately correlated with their TPC (r = 0.5589).

Cuidad-Mulero et al. (2020) reported significant differ-
ences in the capacity of methanolic extracts from refined 
and whole-grain wheat flour to inhibit β-carotene bleach-
ing. To the best of our knowledge, there are no reports 
on the β-carotene bleaching-inhibiting activity of fer-
mented wheat or any other fermented grain. A previ-
ous study demonstrated a decrease in the antioxidative 
properties of grains fermented with mushrooms, for 
example, a reduction in ABTS+ radical scavenging activ-
ity in the methanol extract of buckwheat fermented with 
S. sanghuang (Song et al., 2021). The aqueous extracts of 
wheat fermented with G. australe had lower antioxida-
tive effects than unfermented wheat, which was highly 
correlated with their respective TPC (Subramaniam 

Table 5  Anti-inflammatory activities of unfermented and S. 
commune-fermented wheat crude extracts

Different letters in the same column indicate statistically significant differences 
(p < 0.05)

ND not detected at the concentration tested

Sample Nitric oxide scavenging
(%)

Protein 
denaturation 
inhibition (%)

Unfermented wheat

  Hot water 40.77 ± 2.05bc 11.92 ± 2.11e

  Cold water 41.44 ± 3.37bc 20.57 ± 1.14 cd

  Ethanol 26.60 ± 3.58de 23.11 ± 0.56 cd

  Ethyl acetate 21.72 ± 1.22ef 22.20 ± 1.84 cd

  Hexane ND −13.31 ± 5.23f

S. commune-fermented wheat

  Hot water 47.09 ± 2.11ab 30.59 ± 0.48c

  Cold water 55.14 ± 2.84a 44.62 ± 3.95b

  Ethanol 34.96 ± 4.55 cd 58.54 ± 7.05a

  Ethyl acetate 26.36 ± 1.22de 30.04 ± 0.63c

  Hexane 14.63 ± 3.48f ND

  Gallic acid
(at 1 mg/mL)

57.14 ± 2.11 -

  Diclofenac sodium
(at 1 mg/mL)

- 75.64 ± 2.52
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et  al., 2014). The authors also observed distinct varia-
tions in the antioxidative properties of unfermented and 
fermented wheat extracts, which were contingent upon 
the specific Ganoderma species and extraction solvent 
employed.

Anti‑inflammatory properties of crude extracts 
from unfermented and fermented wheat
Inflammation is fundamentally linked to the pathogen-
esis of diseases such as cancer, diabetes, obesity, arthri-
tis, and cardiovascular diseases. Nitric oxide (NO) is a 
crucial physiological mediator of numerous processes, 
such as T-cell activation (Andrabi et al., 2023). However, 
its excessive endogenous production plays a role in the 
development of certain chronic inflammatory conditions 
(Kim & Lee, 2025). In this study, the anti-inflammatory 
potential of S. commune-fermented wheat was evaluated 
based on the capacity of its extracts to scavenge NO. The 
NO scavenging activities of the various unfermented and 
fermented extracts are summarized in Table 5. Addition-
ally, to examine the relationship between the bioactive 
compounds and functional properties, a Pearson correla-
tion analysis was performed for the TPC and TFC against 
all anti-inflammatory assays conducted in this study 
(Table 7, additional file 1).

Fermentation with S. commune demonstrably impacted 
the NO scavenging ability of the wheat extracts. Com-
pared to their respective unfermented counterparts, the 
fermented extracts exhibited an increase in activity rang-
ing from 1.15- to 1.33-fold. The only exception was the 
hexane extract, which showed undetectable scavenging 
activity in the unfermented state but reached 14.63% 
after fermentation. A strong correlation between the 
TPC and TFC and NO-scavenging activity (r = 0.7931 
and r = 0.8469, respectively) was also observed. The etha-
nol extract derived from T. salmoneus-fermented wheat 
exhibited concentration-dependent inhibition of NO 
production, ranging from 16.60% to 41.02% at 50–500 μg/
mL, when tested in lipopolysaccharide (LPS)-induced 
RAW264.7 macrophages (Chiang et  al., 2015). Xu et  al. 
(2023) reported that polysaccharides from G. frondosa-
fermented wheat significantly promoted NO synthesis in 
uninduced RAW 264.7 cells, increasing NO production 
up to 2.76 μm, representing a 3.88-fold increase.

Protein denaturation is a biological process that occurs 
during a chronic inflammatory response, impairing tissue 
functions and subsequently leading to various inflam-
matory diseases (Nehru et al., 2023; Zhang et al., 2019). 
Therefore, the ability of a substance to hinder protein 
denaturation indicates its potential for anti-inflammatory 
effects (Hasan et al., 2023). As displayed in Table 5, fer-
mentation with S. commune successfully improved the 
capacity of wheat to inhibit protein denaturation. The 

fermented wheat extracts significantly (p < 0.05) inhibited 
protein denaturation to varying degrees, with the crude 
ethanolic extract providing the highest level of BSA pro-
tection against heat-induced denaturation. Interestingly, 
the unfermented hexane extract exerted a pro-inflamma-
tory effect by increasing the rate of protein denaturation. 
A similar trend was observed by Shabbir et  al. (2022), 
who reported that ethanolic extracts from black soybean 
fermented with Pediococcus acidilactici exhibited greater 
inhibitory activity than their unfermented counterparts. 
While the anti-inflammatory properties of various fer-
mented wheat products have been documented, to the 
best of our knowledge, this is the first study to report 
the protein denaturation inhibitory activity of wheat fer-
mented with S. commune.

Chemical composition of the most active extract from S. 
commune‑fermented wheat
For the LC‒QTOF MS study, the cold-water extract was 
selected because it exhibited the highest antioxidative and 
anti-inflammatory activities, as detailed in Tables 4 and 5. 
The chemical composition of the cold-water extract was 
profiled via LC-QTOF MS in untargeted mode to quan-
tify the metabolite signals. A total of 70 distinct metabo-
lites were putatively identified (Table 8, additional file 2), 
exhibiting a mass inaccuracy of molecular ions within 
5 ppm. Metabolite identification in this untargeted anal-
ysis is classified as Level 2 confidence according to the 
Metabolomics Standards Initiative (MSI) guidelines 
(Salek et al., 2013), as assignments were made by compar-
ing mass accuracy, parent ion isotope distribution ratios, 
and retention times (RTs) with existing references, with-
out confirmation using external pure standards. Table  6 
details the key compounds identified in the extract, 
including the most intense metabolic peaks as well as less 
abundant compounds known for their significant nutri-
tional and health-promoting properties. The results sug-
gest that the health-promoting properties of cold-water 
extracts could be attributed to the presence of many 
notable compounds known for their antioxidative and/
or anti-inflammatory properties. A study by Shabbir et al. 
(2022) suggested that bioactive compounds such as daid-
zein, (+)-catechin, rutin, and p-coumaric acid are the 
contributing factors to the anti-inflammatory effects of 
black soybean fermented by P. acidilactici. The presence 
of gallic acid, a known antioxidant with free-radical scav-
enging and lipid peroxidation protective effects (Hadidi 
et al., 2024), likely contributes to the observed DPPH and 
nitric oxide scavenging activities as well as the β-carotene 
bleaching inhibition activity of the cold-water extract. 
Phenolic acids such as rosmarinic, vanillic and ferulic 
acids have been reported to potently inhibit β-carotene 
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bleaching (Sevgi et  al., 2015). The flavonoid kaempferol-
3-O-β-D-glucopyranoside, known as astragalin, is also a 
potential major contributor to the antioxidative effects of 
the extract. This finding is supported by previous research 
showing that it has ferric-reducing and DPPH inhibitory 
effects (Li et al., 2017). Other putative compounds in the 
extract, such as calycanthoside (isofraxidin-7-glucoside) 
and cistanoside F, possess documented antioxidative and 

anti-inflammatory properties (Al-Naimi et  al., 2025; Ma 
et  al., 2025). Additionally, 1-galloyl-β-D-glucose, com-
monly referred to β-glucogallin, is a hydrolyzable tannin 
with multifaceted health-promoting properties (Khan 
et al., 2022) and may also likely contributes to the extract’s 
antioxidative and anti-inflammatory activities.

Quinic acid and glucuronic acid, which are organic acids, 
have been reported to possess many health-promoting 

Table 6  LC-QTOF MS analysis of nutritional and health-promoting compounds in S. commune-fermented wheat extract

Classification Proposed compound Molecular formula Molecular
weight

Observed m/z Mass error
(ppm)

RT
(min)

Reported bioactivities 
(references)

Carbohydrate α-Kojibiose C12H22O11 342.116 341.109 −1.1 0.63 Prebiotic
(Ahmed et al., 2022)

Galactose C6H12O6 180.063 179.056 −3.5 0.62 Essential carbohydrate
(Conte et al., 2021)

Isomaltose C12H22O11 342.116 341.109 −1.1 2.26 Prebiotic
(Tiangpook et al., 2023)

Coumarin Calycanthoside C17H20O10 384.107 383.099 3.6 0.58 Antioxidative,
anti-inflammatory
(Al-Naimi et al., 2025)

Fraxin C16H18O10 370.090 369.083 0.7 0.58 Antioxidative,
Anti-inflammatory
(Patel & Patel, 2023)

Flavonoid 3-O-β-D-
Galactopyranosyl quercetin

C21H22O12 466.111 465.104 0.6 8.05 Not explicitly described to date

Kaempferol-3-O-β-D-
glucopyranoside

C21H20O11 448.101 447.093 0 10.3 Antioxidative,
anti-inflammatory
(Chen et al., 2023)

6-Hydroxykaempferol-3-O-
glucoside

C21H20O12 464.095 463.088 −0.6 8.92 Not explicitly described to date

Organic Acid Glucuronic acid C6H10O7 194.042 193.035 −2.4 0.62 Antioxidative
(Chou et al., 2024)

Citric acid C6H8O7 192.026 191.019 −2.9 0.98 Antioxidative,
anti-inflammatory
(Singh et al., 2022)

Quinic acid C7H12O6 192.063 191.056 −3.1 0.67 Antioxidative
(Benali et al., 2022)

Phenols Undulatoside A C16H18O9 354.096 353.089 2.9 0.58 Anti-inflammatory
(Peng et al., 2015)

Cistanoside F C21H28O13 488.153 487.146 −0.1 8.53 Antioxidative,
anti-inflammatory
(Ma et al., 2025)

Phenolic Acid Gallic acid C7H6O5 170.021 169.014 −3.2 1.98 Antioxidative,
anti-inflammatory
(Hadidi et al., 2024)

3-Ethoxy-4,5-dihydroxyben-
zoic acid

C9H10O5 198.052 197.045 −2.6 7.34 Not explicitly described to date

Tannin 3,6-Di-O-Galloyl-β-D-glucose C20H20O14 484.085 483.078 0 3.43 Not explicitly described to date

1-Galloyl-β-D-glucose C13H16O10 332.074 331.067 −0.8 1.79 Antioxidative,
Anti-inflammatory
 Khan et al. (2022)

Castalagin C41H26O26 934.073 933.065 1.4 3.86 Anti-inflammatory
(Piazza et al., 2024)

Corilagin C27H22O18 634.081 633.074 1.2 2.20 Antioxidative,
Anti-inflammatory
(Widowati et al., 2021)

Xanthone Neomangiferin C25H28O16 584.136 583.129 −2.6 0.56 Antioxidative,
anti-inflammatory
(López-Cárdenas et al., 2023)
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properties (Benali et al., 2022; Chou et al., 2024). Interest-
ingly, Hu et al. (2016) reported weak antioxidative activi-
ties of glucuronic acid based on FRAP, DPPH-radical 
scavenging, and β-carotene bleaching inhibition assays. 
Conversely, a study by Deng et  al. (2023) suggested that 
glucuronic acid could be the key compound that enhances 
the antioxidative and anti-inflammatory properties of pol-
ysaccharides derived from the Tremella fuciformis mush-
room. Citric acid, also putatively identified in the extract, is 
widely recognized for its nutritional and health-promoting 
properties. As citric acid is associated with antioxidant and 
anti-inflammatory activity at the cellular level (Singh et al., 
2022), its presence is largely attributable to the overall bio-
activity of the cold-water extracts. Furthermore, its ability 
to improve the bioavailability of essential minerals such as 
iron (Jaiswal & Lakshmi, 2022) could further increase the 
nutritional value of S. commune-fermented wheat, posi-
tioning it as a more effective functional food. Additionally, 
the putative identification of isomaltose, a key component 
of the prebiotic isomaltooligosaccharides (IMOs) (Tian-
gpook et  al., 2023), suggests that S. commune-fermented 
wheat may possess prebiotic potential, further enhancing 
its value as a functional ingredient.

Overall, the nutritional shifts and enhanced bioactivity 
observed in S. commune-fermented wheat may be attrib-
uted to various factors inherent in the complex fermenta-
tion process. Depending on the type of grain, species of 
microorganism involved, fermentation parameters, and 
extraction process, many types of compounds are pro-
duced and released, which may exhibit health-promoting 
properties. Our collective results indicate that higher sol-
vent polarity facilitated the recovery of more potent bio-
active components. Specifically, S. commune-fermented 
wheat yielded the most effective compounds in the water 
extract, which exhibited superior antioxidative and anti-
inflammatory activities compared to extracts obtained 
with non-polar solvents. However, given the limitations 
of this study, utilizing solvent mixtures and optimizing 
extraction parameters may further improve the recovery 
efficiency of these functional metabolites. Additionally, 
the observed potent antioxidative and anti-inflammatory 
activities of the cold-water extract are likely not attrib-
utable to a single constituent. Instead, they may result 
from the synergistic effect of a unique combination of 
bioactive compounds putatively identified via LC‒MS, 
which together demonstrate greater potency than indi-
vidual compounds alone. While the current untargeted 
approach provides a comprehensive metabolic profile, 
future studies should focus on the targeted quantifica-
tion of key metabolites, such as gallic acid and astragalin, 
using analytical standards to fully confirm their concen-
trations and specific biological contributions.

Conclusions
Exploring the potential of mushroom mycelia is criti-
cal in the contemporary era, where significant focus is 
placed on developing sustainable, ready-to-consume 
food products. As the production of mushroom-fer-
mented wheat is a standard practice in the cultivation 
industry, S. commune mycelia and its fermented sub-
strate warrant further exploration as a novel functional 
food base. Given the enhanced nutritional profile and 
improved bioactive properties of the whole fermented 
material, specific applications for S. commune-fer-
mented wheat may include its use as a functional flour 
fortifier in baked goods, high-protein or high-fibre 
base for snack bars, or an ingredient in powdered meal 
replacements and nutritional supplements. Further-
more, the use of a simple SSF method involving mini-
mal ingredients and requiring only basic equipment 
with readily available grains such as wheat inherently 
offers high scalability and cost-effectiveness for indus-
trial-scale production. This positions the S. commune-
fermented wheat products as a viable ingredient for 
the functional food market. Future research should 
focus on isolating the key compounds and elucidating 
their precise mechanisms of action, utilizing in  vitro 
cellular models and subsequent in  vivo studies using 
animal models to fully validate and leverage the health 
benefits of this sustainable resource. Such research 
could establish a greater role for S. commune and other 
mushroom-fermented substrates in the functional food 
industry, addressing the consumer demand for prod-
ucts that combine convenience with therapeutic value.
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